Ischemic preconditioning (IPC) has protective effects against ischemia-perfusion injury of organs. In the present study, we investigated the associated mechanisms after performing remote IPC (rIPC) of lower limbs by clamping abdominal aorta in mice. Subsequent experiments showed decreased damage and paralysis of lower limbs following spinal cord injury (SCI). Concomitantly, plasma vascular endothelial growth factor (VEGF) levels were increased 24 h after rIPC compared with those in sham-operated animals. In subsequent microRNA analyses, thirteen microRNAs were downregulated in exosomes 24 h after rIPC. Further studies of femoral CD34-positive bone marrow (BM) cells confirmed downregulation of these seven microRNAs 24 h after rIPC compared with those in sham-operated controls. Subsequent algorithm-based database searches suggested that two of the seven microRNAs bind to the 3′ UTR of VEGF mRNA, and following transfection into CD34-positive BM cells, anti-miR-762, and anti-miR-3072-5p inhibitors led to increased VEGF concentrations. The present data suggest that rIPC transiently increases plasma VEGF levels by downregulating miR-762 and miR-3072-5p in CD34-positive BM cells, leading to protection against organ ischemia.
Previous studies suggest that ischemic preconditioning (IPC) induces biological defense reactions that protect organs 1 , and myocardial infarction was limited following repetition of brief ischemia and reperfusion before the induction of myocardial infarction by left anterior descending artery (LAD)-ligation in dogs 2, 3 . In agreement, IPC was protective of the liver, spinal cord, and kidney tissues [4] [5] [6] , and remote IPC (rIPC) was protective of distal organs 7 . Effective organ protection by IPC has been described as biphasic 8 , and the ensuing anti-apoptotic effects have been associated with endogenous factors such as nitric oxide and adenosine 9 and with increased peripheral mobilization of bone marrow cells 10 . However, the mechanisms underlying effective organ protection by IPC remain poorly understood.
Although less than 2% of the total human genome sequence comprises protein-coding genes, 90% of genomic sequences are transcribed, and large-scale genome analyses have demonstrated that non-coding RNAs account for the majority of these 11 . Although percentages of non-coding RNAs differ between species, higher species have demonstrably greater proportions of non-coding RNAs among total RNAs than lower species 12 . MicroRNAs bind three prime untranslated regions (3′ UTR) of target gene mRNAs (messenger RNAs) and inhibit translation or induce mRNA cleavage 13 . In addition, microRNAs are secreted in exosomes that regulate protein translation following incorporation into cells of remote tissues. Accordingly, extracellular microRNAs (exRNAs) were reportedly associated with cell-cell transmission functions 14 .
Various spinal cord protection measures are performed during surgery. However, lack of blood flow can lead to blockage of spinal cord arteries during endovascular repair following thoracic aortic aneurysms. The resulting spinal cord ischemia (SCI) reportedly occurs in 1-7.5% of thoracic stent graft cases and causes temporary or permanent paraplegia rIPC following SCI and show that rIPC increases plasma VEGF concentrations and reduces the severity of paraplegia following SCI. After validating microarray data for exosome microRNAs, we identified microRNAs that are downregulated by rIPC. Specifically, Target Scan algorithms showed that miR-762 and miR-3072-5p target the 3′ UTR of VEGF mRNA and were downregulated after rIPC. Accordingly, IPC-induced expression levels of these microRNAs in CD34-positive BM cells from femurs were lower than those from sham-operated controls. In agreement, VEGF secretions were increased in CD34-positive BM cells following treatment with anti-miR-762 and anti-miR-3072-5p inhibitors. Taken together, the present data indicate that effective organ protection by rIPC reflects increased plasma VEGF concentrations following downregulation of miR-762 and miR-3072-5p in CD34-positive BM cells.
Results
Effects of organ protection and increases in plasma VEGF following rIPC. To evaluate the organ-protective effects of rIPC, rIPC or sham operations were performed 24 h before SCI and lower limb paralysis was quantified after 3 days. Basso Mouse Scale scores were significantly higher in the rIPC-treated group than in the sham group (Fig. 1a) . Moreover, in immunostaining analyses of neurons in spinal cord tissues (Fig. 1b) , significantly greater numbers of NeuN-positive neurons were observed in L3 vertebra from rIPC-treated mice than in those from sham treated mice (Fig. 1b) . In subsequent experiments, plasma VEGF levels were determined using enzyme-linked immunosorbent assay (ELISA) 24, 48, and 72 h after rIPC. These experiments showed significantly higher plasma VEGF levels in the rIPC-treated group than in the sham group 24 h after rIPC, although VEGF concentrations did not differ between treatment groups 48 and 72 h after IPC (Fig. 2) .
Expression of exosome-encapsulated microRNAs in CD34-positive BM cells after rIPC. Changes in expression levels of exosomal microRNAs were determined following extraction from plasma 24 h after rIPC or sham treatments, and microRNA microarrays were performed. In exomes from rIPC treated animals, thirteen microRNAs were expressed at ≤ 0.3-fold those in sham treated animals (Table 1) , and eighteen microRNAs were expressed in rIPC-treated animals at more than double their expression in the sham group (Table 2) . Subsequent flow cytometry analyses showed that CD34-positive BM cells comprised about 11% of BM cells from femurs (Fig. 3a) . Previously, it was reported that CD34-positive BM cells were mobilized in peripheral tissues 24 h after rIPC in mice 10. Thus, we compared mRNA expression of ischemia-reperfusion protective factors between CD34-positive and CD34-negative BM cells using qPCR (Fig. 3b) . These experiments showed 15-fold higher expression of GDF15 mRNA in CD34-positive than in CD34-negative BM cells and significantly higher expression levels than in peripheral blood mononuclear cells (PBMNC) (Fig. 3c) . In agreement, GDF15 protein levels were higher in CD34-positive than in CD34-negative BM cells (Fig. 3c) . Thus, to further investigate relationships between increased plasma VEGF levels ( Fig. 2) and the thirteen microRNAs ( Table 1 ) that were downregulated following rIPC, expression levels of miR-6366, miR-711, miR-3960, miR-3072-5p, miR-2137, miR-762, miR-5112, and miR-149-3p were investigated in BM cells (Fig. 4) . Although no differences in expression were identified between CD34-negative BM cells from rIPC and sham treated animals, seven microRNAs were downregulated in CD34-positive BM cells from IPC-treated mice.
Database searches of microRNAs that increase VEGF expression after IPC. To investigate mechanisms that lead to increases in plasma VEGF concentrations after rIPC, we searched for putative relationships between VEGF and the seven downregulated microRNAs using Target Scan algorithms (www.microRNA. org). VEGF mRNA has 3′ UTR sequences that are potentially complimentary with miR-762, and miR-3072-5p (Fig. 5a) . Thus, to determine whether downregulation of miR-762 and miR-3072-5p leads to increased VEGF expression, expression levels of microRNA were confirmed using qPCR 24 h after transfection with anti-miR-762 and anti-miR-3072-5p inhibitors. MiRNA-762 and miR-3072-5p expression levels were downregulated in CD34-positive BM cells after transfection (Fig. 5b) . Moreover, VEGF secretion levels were concomitantly doubled in both anti-miR-762 and anti-miR-3072-5p transfected CD34-positive BM cells compared with control transfected cells (Fig. 5c ). To ensure that miR-762 and miR-3072-5p bind to the 3′ UTR of VEGF mRNA, their mimics were transfected into CD34-positive BM cells, and the concentrations of VEGF were measured with ELISA. Both miR-762 and miR-3072-5p mimics inhibited VEGF secretion in CD34-positive BM cells compared with control transfected cells (Supplementary Figure S1) . [25] [26] [27] . IPC-induced organ protective effects have also been described as biphasic, with the early phase within the first 3 h and the late phase between 12 h and 4 days 8 . Although spinal cord protection by rIPC reportedly proceeds during the early phase, our data suggest that the late phase effects of rIPC might offer protection of the spinal cord from ischemic injury.
In a previous study, dIPC induced VEGF mRNA during myocardial infarction between 3 and 12 h after ligation of the left anterior descending coronary artery (LAD) 28 , and dIPC in the kidney reportedly increased VEGF mRNA in renal tissues between 1 and 6 h, and increased renal VEGF protein levels at 24 h 29 . These studies both show that VEGF mRNA expression returns to baseline levels 24 h after IPC. In agreement, we show high plasma VEGF protein contents 24 h after rIPC and restored levels at 48 h. In consideration of reported neuron protective effects of VEGF in an in vitro ischemic model 30 , the present and previous in vivo data indicate that rIPC induced VEGF is protective against spinal cord ischemia.
Beneficial effects of anti-inflammatory agents have been reported for spinal cord injury 31, 32 , and these effects are in accordance with increased mRNA expression levels of anti-inflammatory, angiogenic, and ischemia resistance genes in CD34-positive BM cells than in CD34-negative BM cells [33] [34] [35] [36] [37] [38] [39] [40] [41] . In particular, GDF15, Dkk1, IL33, and FGF9 mRNA expression levels were more than 10-fold higher in CD34-positive than in CD34-negative BM cells. Moreover, after 72-h culture on fibronectin, human CD34-positive endothelial progenitor cells from umbilical cord blood expressed anti-inflammatory GDF15 at high levels 42, 43 . Hence, GDF15 may be secreted from In an early study of exosome microRNAs in blood and the protective effects of rIPC against ischemia, miR-144 expression levels increased in mouse hearts and plasma after rIPC and reduced myocardial ischemia-reperfusion injury 44 . Similarly, the present comprehensive in vivo microarray analyses (Mouse_miRNA_V19) of exosomes after rIPC, identified numerous differentially expressed microRNAs were validated using qPCR except miR-3067-3p, miR-2861, and miR-5126 because primer designs were hampered by GC-rich sequences of these microRNAs. Downregulated microRNAs that target the 3′ UTR of VEGF mRNA were investigated as causes of increased plasma VEGF concentrations 24 h after IPC, and Target Scan algorithms (www.microRNA.org) predicted that miR-762 and miR-3072-5p bind the 3′ UTR of VEGF mRNA. Increased proportions of CD34-positive BM cells have previously been shown in blood 10 , suggesting involvement in VEGF production after rIPC. Accordingly, the present data show that anti-miR-762 and anti-miR-3072-5p inhibitors increased VEGF secretion levels in CD34-positive BM cells 24 h after transfection. Moreover, the respective miRNAs miR-762 and miR-3072-5p reportedly target the 3′ UTR of VEGF mRNA. Thus, increased plasma VEGF concentrations are likely associated with downregulation of mR-762 and miR-3072-5p 24 h after rIPC.
In conclusion, this is the first study to show that rIPC has protective effects against spinal cord injury following ischemia. In addition, the present mechanistic data indicate that CD34-positive BM cells produce VEGF by downregulating miR-762 and miR-3072-5p, and that VEGF protects spinal cord neurons against ischemia. Although additional studies are required to define the mechanisms involved in the relationship between VEGF production and neuron protection, rIPC may be a useful method for decreasing the occurrence of spinal cord ischemia and limb paralysis following thoracic stent graft procedures.
Materials and Methods
Animals. Male C57BL/6 mice were purchased from Japan SLC, Inc. (Shizuoka, Japan). All animal procedures were approved by the Institutional Animal Care and Use Committee of Yamaguchi University (#31-087) and all methods were conducted in accordance with the approved guidelines.
Ischemic preconditioning. Mice were anesthetized by inhalation of 1.5% isoflurane. Ischemic preconditioning was performed in abdominal aorta using three cycles of 5-min clamping followed by 5 min of reperfusion. Sham laparotomy was performed in control animals 10.
Spinal cord ischemia. Mice were anesthetized by inhalation of 1.5% isoflurane and were then intubated using a 20-gauge intravenous catheter. SCI was then induced using descending aortic cross clamping at 10 min 45, 46 . Effects of ischemic preconditioning on spinal cord ischemia. SCI was induced 24 h after ischemic preconditioning or sham laparotomy. At 3 days after induction of SCI, the effects of ischemic preconditioning were evaluated using the Basso Mouse Scale for Locomotion 47 .
Histological analysis. Spinal cords were collected from animals after reflux with saline and were fixed in 10% Formalin Neutral Buffer Solution (Wako, Osaka, Japan) with shaking for 3 days at room temperature. After Figure 4 . Changes in microRNA expression in bone marrow cells after rIPC. Expression levels of eight microRNAs were determined using qPCR in CD34-positive and CD34-negative BM cells after rIPC using RNU6_2 as an endogenous control. Expression data are presented relative to that of RNU6_2.
transferring to water to remove extra formalin, spinal cords were degreased in ethanol overnight at room temperature, and were again transferred to water to remove extra ethanol. Subsequently, spinal cords were soaked in double diluted K-CX (Falma, Tokyo, Japan) for 3 days at 4 °C, were transferred to water to remove K-CX, and were then neutralized with 5% sodium sulfate overnight at room temperature. Spinal cords were then washed five times with water for 1 h at room temperature. Third lumber spinal cords (L3) were then excised and embedded in paraffin blocks for immunohistochemical analyses using an anti-NeuN monoclonal antibody (#MAB377, Merck VEGF measurement. Blood samples were collected with heparin at 1, 2, and 3 days after ischemic preconditioning and plasma VEGF analyses were performed in supernatants after centrifugation at 3,000 rpm for 10 min. VEGF analyses were performed in cultured media that was collected 24 h after transfection and centrifuged at 2,000 rpm for 3 min. VEGF concentrations in plasma and cell culture supernatants were measured using mouse ELISA kits (R&D Systems, Inc., Minneapolis, Minnesota, USA) according to the manufacturer's instructions.
MicroRNA isolation from exosomes and microarray analyses. Plasma was collected with EDTA 24 h after ischemic preconditioning or sham laparotomy. MicroRNA was extracted from plasma exosomes using Total Exosome Isolation Kits (Thermo Fisher Scientific) and Total Exome RNA and Protein Isolation Kits (Thermo Fisher Scientific). MicroRNA microarray analyses were performed using 3D-Gene ® miRNA Oligo chips from Toray Industries Inc. (Kamakura, Kanagawa, Japan). 
